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I. INTRODUCTION 
 

The management of distal femoral bone defects 

resulting from primary bone tumors, metastatic 

lesions, severe trauma, and failed joint replacements 

has evolved considerably over the past three 

decades. Advances in orthopedic oncology have 

shifted treatment strategies from limb amputation 

limb-salvage procedure,allowing preservation of 

limb function while maintaining satisfactory 

oncological outcomes. There has been the process 

certainly for Distal femoral endoprosthetic 

reconstruction has therefore become one of the 

most widely accepted surgical approaches for 

restoring knee function in patients with extensive 

distal femoral bone loss. The success of distal 

femoral reconstruction depends on several critical 

factors, including implant design, fixation method, 

surgical technique, soft tissue balancing, and 

restoration of the mechanical axis of the lower limb. 

Among these, accurate tibial alignment is particularly 

important because even small deviations from the 

neutral mechanical axis can lead to uneven load 

distribution, increased polyethylene wear, implant 

loosening, instability, reduced implant longevity, and 

poor postoperative functional outcomes. 

 

Traditionally, intramedullary alignment systems have 

been widely used in total knee arthroplasty because 

they utilize the medullary canal as a reliable 

anatomical reference. However, these systems 

become unsuitable in orthopedic oncology cases 

where the medullary canal may be obstructed by 

tumors, previous implants, severe deformities, or 
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extensive bone loss. Furthermore, canal penetration 

may increase blood loss, surgical complexity, and the 

possibility of contamination during tumor 

resections. 
 

Extramedullary tibial alignment systems overcome 

these limitations by referencing external anatomical 

landmarks such as the tibial crest, tibial tuberosity, 

ankle center, and medial malleolus. These devices 

eliminate the need for intramedullary canal access 

while maintaining satisfactory alignment accuracy. 

Nevertheless, commercially available alignment jigs 

are generally designed for routine arthroplasty 

procedures and often lack the adaptability required 

for complex oncological reconstructions. 

 

Recent advances in mechanical engineering have 

introduced sophisticated CAD software, finite 

element analysis, additive manufacturing, topology 

optimization, and patient-specific instrumentation 

into orthopedic surgical practice. These technologies 

enable engineers to design lightweight, structurally 

rigid, anatomically adaptable, and highly accurate 

alignment systems that improve surgical precision 

and reduce intraoperative errors. 

 
Figure 1: Anatomy of the Human Knee Joint 

 

The purpose of this review is to critically evaluate 

current research on extramedullary tibial alignment 

systems used in distal femoral reconstruction. 

Particular emphasis is placed on engineering design 

principles, biomechanical analysis, material selection, 

computer-aided design, finite element validation, 

manufacturing technologies, and future 

developments in orthopedic instrumentation. 

 

Distal Femoral Endoprosthesis 

The distal femur forms the superior portion of the 

knee joint and plays a vital role in transmitting body 

weight during standing, walking, running, and other 

daily activities. Malignant bone tumors such as 

osteosarcoma, chondrosarcoma, and metastatic 

lesions frequently affect this region and often require 

wide surgical resection. Similarly, severe trauma, 

implant failures, infections, and revision surgeries 

may also lead to substantial bone loss that 

necessitates distal femoral reconstruction. 

 

Modern distal femoral endoprostheses are modular 

implant systems designed to replace the resected 

bone while restoring joint stability and mobility. 

These prostheses generally consist of a femoral 

component, intramedullary stem, modular extension 

segments, rotating hinge mechanism, tibial tray, 

polyethylene insert, and fixation components. 

Titanium alloys, cobalt–chromium alloys, and 

stainless steel are commonly employed because of 

their excellent mechanical strength, fatigue 

resistance, corrosion resistance, and 

biocompatibility. 

  
Figure 2: Components of a Distal Femoral 

Endoprosthesis 
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Long-term clinical success depends on proper 

implant positioning, accurate restoration of the 

mechanical axis, balanced soft tissues, stable fixation, 

and precise tibial alignment. Incorrect alignment 

may produce abnormal stress distribution, 

accelerated polyethylene wear, implant loosening, 

instability, and early prosthesis failure. 

 

II. LITERATURE REVIEW 
 

The development of extramedullary tibial alignment 

systems has been strongly influenced by continuous 

advancements in orthopedic biomechanics, surgical 

instrumentation, computational engineering, and 

implant technology. Over the last two decades, 

researchers have investigated several factors that 

influence the alignment accuracy of tibial resection 

during distal femoral reconstruction, including 

anatomical referencing techniques, material 

selection, structural rigidity, patient-specific 

instrumentation, computer-assisted surgery, and 

finite element analysis. Although numerous studies 

have focused on total knee arthroplasty, relatively 

fewer investigations have addressed the unique 

challenges associated with distal femoral tumor 

reconstruction, highlighting the need for specialized 

alignment systems. 

 

One of the earliest and most influential studies was 

reported by Bellemans et al., who demonstrated that 

restoration of the mechanical axis within ±3° 

significantly improves implant longevity by reducing 

uneven load distribution across the tibial 

component. Their investigation established that 

mechanical alignment directly affects polyethylene 

wear, implant stability, and long-term prosthetic 

survival. However, their work primarily focused on 

conventional total knee arthroplasty and did not 

consider situations where the intramedullary canal 

cannot be used. 

 

To better understand the causes of implant failure in 

tumor reconstruction, Henderson et al. proposed a 

classification system for distal femoral 

endoprosthetic failures. Their study categorized 

failures into soft tissue failure, aseptic loosening, 

structural failure, infection, and tumor progression. 

The authors emphasized that inaccurate implant 

positioning and poor alignment contribute 

significantly to mechanical complications, thereby 

highlighting the importance of reliable surgical 

alignment instruments. 

 

Recognizing the limitations of intramedullary 

alignment techniques, Wang et al. evaluated 

extramedullary tibial alignment systems for complex 

orthopedic procedures. Their investigation 

demonstrated that carefully designed external 

alignment guides can achieve alignment accuracy 

comparable to intramedullary systems while 

avoiding penetration of the medullary canal. This 

finding is particularly important for orthopedic 

oncology, where preservation of the medullary canal 

is often necessary. 

 

The application of computer-aided engineering has 

also transformed orthopedic instrument 

development. Djuricic et al. demonstrated that CAD 

software enables precise geometric modeling of 

orthopedic devices, while finite element analysis can 

be used to evaluate stress distribution, deformation, 

and structural safety before manufacturing. Their 

work showed that virtual prototyping reduces 

development time and allows multiple design 

iterations without manufacturing physical 

prototypes. 

 

Structural performance of orthopedic implants has 

been extensively investigated through finite element 

methods. Zhang et al. analyzed stress distribution in 

modular distal femoral prostheses and reported that 

implant malalignment substantially increases 

stresses near the fixation stem and hinge 

mechanism. Their study concluded that finite 

element analysis provides valuable insight into 

potential failure regions and should be incorporated 

into the design process of both implants and surgical 

instruments. 

 

With the advancement of medical imaging 

technologies, Victor and Premanathan introduced 

patient-specific cutting guides developed from 

computed tomography data. These customized 

alignment guides accurately match patient anatomy 

and significantly reduce alignment errors. Compared 

with conventional alignment systems, patient-
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specific instrumentation demonstrated improved 

reproducibility, reduced operative time, and greater 

surgical confidence. 

 

Recent research has also focused on additive 

manufacturing for orthopedic applications. Javaid 

and Haleem reviewed the use of three-dimensional 

printing in orthopedic surgery and reported that 

additive manufacturing enables rapid fabrication of 

lightweight, anatomically customized surgical 

guides. This technology reduces manufacturing 

complexity while allowing engineers to optimize 

geometry for individual patients. Such developments 

are particularly beneficial in complex distal femoral 

reconstructions where conventional alignment 

systems may not adequately match patient anatomy. 

 

In addition to customized instrumentation, digital 

surgical technologies are becoming increasingly 

important. Chen et al. investigated navigation-

assisted alignment systems equipped with optical 

tracking and sensor-based feedback. Their results 

indicated that real-time monitoring significantly 

improves surgical accuracy by continuously 

evaluating alignment throughout the procedure. 

These technologies reduce dependence on surgeon 

experience and improve reproducibility across 

different clinical settings. 

 

Table - 1: Summary of Representative Literature 

 
 

III. MATERIALS AND METHODOLOGY 

 

 Methodology  

The design and development of an extramedullary 

tibial jig require the integration of orthopedic 

surgical principles with mechanical engineering 

design methodologies. The primary objective of the 

jig is to assist surgeons in achieving accurate tibial 

alignment during distal femoral reconstruction by 

providing a stable and reliable guide for bone 

resection. Unlike intramedullary alignment systems, 

which require insertion into the medullary canal, 

extramedullary jigs utilize external anatomical 

landmarks to establish the mechanical axis of the 

lower limb. This makes them particularly suitable for 

orthopedic oncology, revision arthroplasty, and 

patients with severe deformities or blocked 

intramedullary canals. 

 

  
Figure 3: Review Methodology Flow Chart 

  

The methodology adopted for the design of the 

extramedullary tibial jig follows a systematic 

engineering approach consisting of clinical 

requirement analysis, concept generation, material 

selection, CAD modeling, finite element analysis, 

prototype evaluation, and design optimization. Each 

stage contributes to improving structural integrity, 
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dimensional accuracy, ease of handling, and overall 

surgical performance. 

 

 
Figure 4: Engineering methodology adopted for 

development of an extramedullary tibial alignment 

jig. 

 

Material Selection 

Material selection is one of the most critical aspects 

in the design of orthopedic surgical instruments 

because the jig must withstand repeated mechanical 

loading while maintaining dimensional accuracy 

throughout multiple sterilization cycles. In addition 

to high mechanical strength, the material should 

possess excellent corrosion resistance, wear 

resistance, biocompatibility, fatigue strength, and 

manufacturability. 

 

Titanium alloy (Ti–6Al–4V) is considered one of the 

most suitable materials because of its high strength-

to-weight ratio, outstanding corrosion resistance, 

and excellent biocompatibility. The lightweight 

nature of titanium reduces surgeon fatigue during 

prolonged surgical procedures while maintaining 

sufficient structural rigidity. 

Stainless steel (316L) remains another widely used 

material owing to its high mechanical strength, ease 

of machining, cost-effectiveness, and excellent 

sterilization characteristics. However, its higher 

density increases the overall weight of the 

instrument compared with titanium. 

 

Cobalt–chromium alloys exhibit exceptional wear 

resistance and mechanical strength but are relatively 

heavier and more expensive. Carbon fiber reinforced 

polymer (CFRP) has recently gained attention 

because of its lightweight structure and high 

stiffness; however, manufacturing complexity and 

higher production costs limit its widespread 

application. 

 

Table - 2: Comparison of Candidate Materials 

 

 
Chart - 1: Comparison of the mechanical properties 

of commonly used orthopedic materials 
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Material selection should therefore consider the 

balance between mechanical performance, 

manufacturing cost, weight, sterilization capability, 

and long-term durability. 

 

Design Requirements 

The extramedullary tibial jig should satisfy several 

functional and engineering requirements to ensure 

accurate alignment and ease of operation during 

surgery. 

 

The major design requirements include: 

 High structural rigidity to prevent deformation. 

 Lightweight construction for improved handling. 

 Adjustable alignment mechanism for different 

patient anatomies. 

 Ergonomic design to reduce surgeon fatigue. 

 Compatibility with steam sterilization. 

 High dimensional accuracy. 

 Ease of assembly and disassembly. 

 Corrosion and wear resistance. 

 Long service life under repeated surgical use. 

 

Table - 3: Functional Design Requirements 

  
 

Computer-Aided Design (CAD) 

The conceptual design of the extramedullary tibial jig 

is developed using CAD software to create a detailed 

three-dimensional model before manufacturing. 

Computer-aided design enables accurate 

visualization of individual components, assembly 

relationships, and dimensional tolerances. 

Parametric modeling also allows rapid modification 

of design features during optimization. 

 

The CAD model generally consists of: 

 Main alignment rod 

 Tibial cutting block 

 Ankle alignment clamp 

 Height adjustment mechanism 

 Locking screws 

 Connecting brackets 

 Fixation pin holes 

The assembly is designed to provide sufficient 

rigidity while maintaining low weight and ease of 

operation during surgery. 

 
Figure 5: CAD model of an extramedullary tibial 

alignment rod 

 
Figure 6: Components of an extramedullary tibial 

alignment 
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Finite Element Analysis (FEA) Methodology 

Finite Element Analysis is performed to evaluate the 

structural performance of the jig before fabrication. 

The CAD model is imported into FEA software, where 

material properties, boundary conditions, and 

loading conditions are defined. The model is 

discretized into finite elements to predict stress 

distribution, deformation, and structural safety. 

 

The analysis typically includes: 

 Static structural analysis 

 Equivalent (von Mises) stress 

 Total deformation 

 Factor of safety 

 Contact analysis 

 Fatigue assessment (if applicable) 

The results are used to identify critical regions where 

stress concentration occurs, allowing design 

modifications before manufacturing. 

 

 
 

Figure 7: Workflow adopted for finite element 

analysis of the extramedullary tibial jig 

IV. RESULTS AND DISCUSSION 
 

The reviewed literature demonstrates that accurate 

tibial alignment is one of the most important factors 

influencing the success of distal femoral 

reconstruction. The use of extramedullary tibial jigs 

has gained significant attention because they 

provide reliable alignment without violating the 

intramedullary canal. Modern engineering 

techniques, including computer-aided design (CAD), 

finite element analysis (FEA), patient-specific 

instrumentation, and additive manufacturing, have 

contributed to the development of lightweight, rigid, 

and ergonomically optimized alignment systems. 

This section discusses the major findings reported in 

the literature and evaluates the engineering aspects 

that influence the performance of extramedullary 

tibial jigs. 

 

Alignment Accuracy 

Several clinical and biomechanical studies indicate 

that restoration of the lower limb mechanical axis is 

the primary objective during distal femoral 

reconstruction. Small deviations from the desired 

alignment can alter load transmission across the 

knee joint, leading to uneven polyethylene wear, 

instability, aseptic loosening, and reduced implant 

life. 

 

Conventional intramedullary alignment systems 

generally provide satisfactory accuracy under routine 

surgical conditions. However, their performance 

decreases in orthopedic oncology cases because 

tumors, previous implants, or severe deformities may 

obstruct the medullary canal. Extramedullary tibial 

jigs overcome these limitations by referencing 

external anatomical landmarks such as the tibial 

crest, ankle center, and malleoli. The literature 

consistently reports that when these landmarks are 

accurately identified, extramedullary systems can 

achieve alignment accuracy comparable to 

intramedullary techniques while reducing surgical 

invasiveness. 
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Figure 8: Comparison of Tibial Alignment Using 

Intramedullary and Extramedullary Systems 

 

Structural Performance of the Jig 

The structural performance of an extramedullary 

tibial jig is largely determined by its stiffness, 

dimensional stability, and resistance to deformation 

during surgery. Finite element studies reported in 

the literature show that stress concentrations 

generally occur near the cutting block, locking 

screws, and junctions between the alignment rod 

and connecting brackets. 

 

Appropriate material selection combined with 

optimized geometry significantly reduces 

deformation. Titanium alloys are frequently 

recommended because they provide high strength 

with relatively low weight. Stainless steel offers 

excellent rigidity and manufacturing simplicity but 

increases instrument weight. 

 

CAD and Finite Element Analysis 

Computer-aided design has simplified the 

development of orthopedic alignment instruments 

by enabling accurate three-dimensional modeling 

and virtual assembly. CAD models also facilitate 

rapid design modifications before prototype 

manufacturing. 

 

Finite element analysis provides valuable 

information regarding stress distribution, 

deformation, and factor of safety under simulated 

loading conditions. Most studies report that 

maximum von Mises stress occurs around the 

fixation regions of the jig, whereas deformation 

remains minimal when high-strength materials are 

employed. These findings indicate that 

computational analysis significantly improves design 

reliability while reducing prototype development 

time and manufacturing cost. 

  

 
Figure 9: Finite Element Analysis of the 

Extramedullary Tibial Jig 

 

Advantages of Extramedullary Tibial Jigs 

The literature identifies several important 

advantages associated with extramedullary 

alignment systems: 

 No requirement for medullary canal penetration. 

 Reduced blood loss during surgery. 

 Lower risk of contamination in tumor resections. 

 Greater suitability for revision arthroplasty. 

 Improved adaptability to anatomical variations. 

 Compatibility with patient-specific 

instrumentation. 

 Better integration with computer-assisted 

surgical techniques. 

 

Research Gaps 

Although significant progress has been achieved, 

several important research gaps remain. 

Most commercially available extramedullary 

alignment systems have been designed for 

conventional total knee arthroplasty rather than 

distal femoral reconstruction. Consequently, their 

geometry and adjustment mechanisms may not 

adequately address the anatomical challenges 

encountered during orthopedic oncology 

procedures. 
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Furthermore, relatively few investigations have 

focused on structural optimization using topology 

optimization, fatigue analysis, and lightweight 

design methodologies. The integration of artificial 

intelligence, digital twins, and real-time sensor 

feedback into surgical alignment systems also 

remains at an early stage of development.Additional 

long-term clinical studies are required to validate the 

effectiveness of customized extramedullary tibial jigs 

under different patient conditions. 

 

Future Scope 

Future research should concentrate on: 

 Patient-specific alignment systems 

manufactured using additive manufacturing. 

 Artificial intelligence for automated surgical 

planning. 

 Smart alignment jigs incorporating embedded 

sensors. 

 Robotic-assisted bone preparation. 

 Digital twin technology for preoperative 

simulation. 

 Lightweight composite biomaterials. 

 Integration of navigation systems with CAD and 

FEA. 

These developments have the potential to improve 

surgical precision, reduce complications, and 

increase implant longevity. 

 

V. CONCLUSION 
 

Distal femoral reconstruction has become one of the 

most effective limb-salvage procedures for patients 

with malignant bone tumors, severe trauma, 

extensive bone loss, and complex revision surgeries. 

The long-term success of these procedures depends 

not only on the quality of the prosthetic implant but 

also on achieving accurate restoration of the 

mechanical axis during surgery. Among the various 

surgical steps, tibial alignment plays a crucial role in 

ensuring proper implant positioning, balanced load 

transfer, joint stability, reduced polyethylene wear, 

and improved prosthesis longevity. 

 

Overall, the findings of this review demonstrate that 

extramedullary tibial jigs represent an effective and 

clinically valuable solution for achieving accurate 

tibial alignment during distal femoral reconstruction. 

Continued collaboration between orthopedic 

surgeons, mechanical engineers, biomedical 

researchers, and materials scientists will be essential 

for developing next-generation alignment systems 

that improve surgical precision, enhance implant 

longevity, reduce postoperative complications, and 

ultimately provide better functional outcomes and 

quality of life for patients undergoing complex knee 

reconstruction procedures. 
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